Symbiodiniaceae are predominantly symbiotic dinoflagellates critical to corals and other reef 17 organisms. Symbiodinium is a basal symbiodiniacean lineage and includes symbiotic and free-living 18 taxa. However, the molecular mechanisms underpinning these distinct lifestyles remain little 19 known. Here, we present high-quality de novo genome assemblies for the symbiotic Symbiodinium 20 tridacnidorum CCMP2592 (genome size 1.3 Gbp) and the free-living Symbiodinium natans 21 CCMP2548 (genome size 0.74 Gbp). These genomes display extensive sequence divergence, 22
Introduction 32
Symbiodiniaceae are dinoflagellates (Order Suessiales) crucial for coral reefs because of their 33 symbiotic relationship with corals and diverse marine organisms. Although these dinoflagellates do 34 not display evident morphological diversity, their extensive genetic variation is well-recognised, 35
prompting the recent systematic revision to family status 1,2 . Sexual reproduction stages have not 36 been directly observed in Symbiodiniaceae, but the presence of a complete meiotic gene repertoire 37 suggests that they are able to reproduce sexually 3-5 . The potential sexual reproduction of 38 Symbiodiniaceae has been used to explain their extensive genetic variation [6] [7] [8] [9] [10] . 39
The genetic diversity in Symbiodiniaceae is in line with their broad range of symbiotic associations 40 with other organisms, covering a broad spectrum depending on host specificity, transmission mode 41 and permanence in the host 11, 12 . Furthermore, some taxa are considered free-living because they 42 have been found only in environmental samples, and in experiments fail to infect potential hosts 13-43 15 . 44
The basal lineage of Symbiodiniaceae (formerly clade A) consists of two monophyletic groups, one 45 of which has been revised as Symbiodinium sensu stricto 2, 16 . Symbiodinium (as revised) includes a 46 wide range of mutualistic, opportunistic and free-living forms. Symbiodinium tridacnidorum, for 47 instance, encompasses isolates in ITS2-type A3 that are predominantly symbionts of giant clams in 48 the Indo-Pacific Ocean 2 . Although the nature of this symbiosis is extracellular, they can also 49 establish intracellular symbiosis with cnidarian hosts both in experimental settings and in nature 17 . 50
On the other hand, Symbiodinium natans (the type species of the genus) is free-living. S. natans 51 occurs frequently in environmental samples, exhibits a widespread distribution and, thus far, has not 52 been shown to colonise cnidarian hosts 2,18 . 53
Symbiosis, or the lack thereof, has been predicted to impact genome evolution of 54 Symbiodiniaceae 12 . Most symbiotic Symbiodiniaceae are thought to be facultative to some extent, 55 than they are in that of S. natans (Fig. 1F ). Conversely, long terminal repeats (LTRs) and DNA 92 transposons are more prominent in S. tridacnidorum. 93
Duplication events and transposable elements contribute to the divergence between S. 94 tridacnidorum and S. natans genomes 95
We further assessed the distinct genome features in each species that may have contributed to the 96 discrepancy in genome sizes. Specifically, we assessed, for each feature, the ratio (D) of the total 97 length of the implicated sequence regions in S. tridacnidorum to the equivalent length in S. natans 98 (Fig. 2) . The genome size estimate for S. tridacnidorum is 1.74 times larger than that for S. natans 99 (Supplementary Table 2 ); we use this ratio as a reference for comparison. Most of the examined 100 genome features span a larger region in the genome of S. tridacnidorum, as expected. The D for 101 each inspected genic feature (even for exons and introns separately), approximates 1.74. However, 102 six features related to duplicated genes and repetitive elements have D > 1.74. This observation 103 suggests that gene duplication and repeats likely expanded in S. tridacnidorum (and/or contracted in 104 S. natans), contributing to the genome-size discrepancy. 105 Tandem duplication of exons and genes is common in dinoflagellates, and may serve as an adaptive 106 mechanism to enhance functions relevant for their biology 22, 23 . Whereas in some dinoflagellates 107 genes in tandem arrays can have hundreds of copies, e.g. up to 5000 copies of the peridinin-108 chlorophyll a-binding protein (PCP) gene in Lingulodinium polyedra 24 , these arrays are not as 109 prominent in the genomes of S. tridacnidorum and S. natans ( Supplementary Figure 2) , with the 110 largest array comprising 10 and 13 gene copies, respectively. The 13-gene array in S. natans 111 encodes a full-length alpha amylase, whereas the remaining 12 copies are fragments of this gene 112 and likely not functional. On the other hand, the 10-gene block in S. tridacnidorum contains genes 113 encoding PCP; of these, seven contain duplets of PCP domains, lending support to the previous 114 finding of the origin of a PCP form by duplication in Symbiodiniaceae 25 ; the remaining three copies 115 contain 1, 6 and 14 PCP domains respectively. An additional gene, not part of the tandem array, 116 contains another PCP-duplet. The total 37 individual PCP domains (35 in a gene cluster and two in 117 a separate duplet) supports the earlier size estimation (36 ± 12) of the PCP family in a genome of 118 Symbiodiniaceae 26 . In stark contrast, we only recovered a duplet of PCP domains among all 119 predicted proteins of S. natans. 120
The length of duplicated gene blocks is drastically longer in S. tridacnidorum than in S. natans (D = 121 6.32; Fig. 2 ). This observation, and the number of gene-block duplicates in each of the two species, 122 suggests that segmental duplication has occurred more frequently during the course of genome 123 evolution of S. tridacnidorum. We found 23 syntenic collinear blocks within the S. tridacnidorum 124 genome (i.e. within-genome duplicated gene blocks) implicating 242 genes in total. Of these genes, 125 20 encode protein kinase functions ( Supplementary Table 3 ) that are associated with distinct 126 signalling pathways. In comparison, only five syntenic collinear blocks implicating 62 genes were 127 found in the S. natans genome; these genes largely encode functions of cation transmembrane 128 transport, relevant for the maintenance of pH homeostasis. Ankyrin and pentatricopeptide repeats 129 are common in the predicted protein products of duplicated genes in both genomes. 130
Retroposition is another gene-duplication mechanism known to impact genome evolution of 131 to each species. For instance, peptide antigen binding (GO:0042605) might be important for host 141 recognition in S. tridacnidorum 30 . 142 Both retroposition and retrotransposition have been reported to contribute to gene-family expansion 143 in Symbiodiniaceae 31 . Protein domains with functions related to retrotransposition were 144 overrepresented in gene products of S. tridacnidorum relative to those of S. natans (Supplementary  145   Table 4 ). However, the reverse transcriptase domains (PF00078 and PF07727) are abundant in both; 146 they were found in 1313 predicted proteins in S. tridacnidorum and 591 in S. natans. 147
Retrotransposons can accelerate mutation rate 32 and alter the architecture of genes in their flanking 148 regions 33 , and may explain the emergence of genes coding for reverse transcriptase domains (RT-149 genes) in these genomes. Other domains found in these proteins are involved in diverse cellular 150 processes including ubiquitin-mediated proteolysis, DNA methylation, transmembrane transport 151 and photosynthesis ( Fig. 3b , Supplementary Table 5 ). The lack of overlap between functions 152 enriched in genes containing DinoSL relicts and those in RT-genes indicates that retroposition and 153 retrotransposition are independent processes. The abundance of repeats characteristic of TEs (such 154 as LINEs and LTRs; Fig. 2 ) further supports the enhanced activity of retrotransposition in S. 155 tridacnidorum. Although LINEs display high sequence divergence (Kimura distance 34 20-30), 156 potentially a remnant from an ancient burst of this type of element common to all Suessiales 3,22 , 157 most LTRs and DNA transposons are largely conserved (Kimura distance < 5), suggesting that they 158 may be active ( Fig. 4 ). We note that these conserved LTRs and DNA transposons were recovered 159 only in our hybrid genome assemblies incorporating both short-and long-read sequence data, and 160 not in our preliminary genome assemblies based solely on short-read data (Supplementary Figure 3 , 161 Supplementary Table 6 ). This indicates that these conserved, repetitive regions can be resolved only 162 using long-read sequence data ( Supplementary Figure 4) , highlighting the importance of long-read 163 data in generating and assembling dinoflagellate genomes. 164
High divergence among gene copies counteracts gene-family expansion in S. tridacnidorum 165 Duplicated genes can experience distinct fates 35, 36 . These fates can result in different scenarios 166 depending on the divergence accumulated in the sequences. First, if the function remains the same 167 or changes slightly (e.g. through subfunctionalisation), the duplicated gene sequences will remain 168 similar, resulting in gene-family expansion. We assessed the difference in gene-family sizes 169 between S. tridacnidorum and S. natans using Fisher's exact test (see Methods), and consider those 170 with an adjusted p ≤ 0.05 as significantly different (Fig. 5 ). Although events contributing to the 171 increase of gene-copy numbers appear more prevalent in S. tridacnidorum, gene families are not 172 drastically larger than those in S. natans; only 20 families are significantly larger. Of these 20 173 families, one (OG0000004) putatively encodes protein kinases and glycosyltransferases that are 174 necessary for the biosynthesis of glycoproteins, and another (OG0000013) encodes ankyrin and 175 transport proteins ( Supplementary Table 7 ). These functions are important for the recognition of 176 and interaction with the host among symbiodiniacean symbionts 37-39 . In comparison, five gene 177 families were significantly larger in S. natans than in S. tridacnidorum, of which one (OG0000003) 178 encodes for a sodium-transporter and another (OG0000034) for a transmembrane protein. Many 179 genes in the expanded families encode for retrotransposition functions in both genomes, lending 180 support to the contributing role of retrotransposons in gene-family expansion in Symbiodiniaceae 31 . 181
Although the functions of many other genes in these families could not be determined due to the 182 lack of known similar sequences, they might be relevant for adaptation to specific ecological niches 183 as previously proposed for dinoflagellates 40 . 184 Second, if novel beneficial functions of the gene copies emerge (i.e. neofunctionalisation), the 185 sequence divergence between gene copies may become too large to be recognised as the same 186 family. This scenario could, at least partially, explain the higher number of single-copy genes 187 exclusive to S. tridacnidorum (25,649) than those exclusive to S. natans (16, 137) . Whereas 13,320 188 (82.54%) of the 16,137 single-copy genes of S. natans are supported by transcriptome evidence, 189 only 13,189 (51.42%) of those 25,649 in S. tridacnidorum are. It remains unclear if these latter 190 represent functional genes. Moreover, the annotated functions of these single-copy genes exclusive 191 to each genome are similar in both species ( Supplementary Table 8 in the number of pseudogenes between the two genomes further supports the notion that more-197 frequent duplication events occur in S. tridacnidorum, and may explain the lower proportion of 198 genes with transcript support in this species (Error! Reference source not found.). 199
Our results suggest that the high sequence divergence of duplicated genes, potentially due to the 200 accumulation of mutations as a consequence of pseudogenisation, perhaps together with 201 neofunctionalisation, may hinder gene family expansion in the genome of S. tridacnidorum. 202
Gene functions of S. tridacnidorum and S. natans are relevant to their lifestyle 203
According to our analysis of enriched gene functions in S. tridacnidorum relative to S. natans based 204 on annotated GO terms, methylation and the biosynthesis of histidine and peptidoglycan were 205 among the most significant (Supplementary Table 9 ). The enrichment of methylation is not 206 surprising because retrotransposons of Symbiodiniaceae are known to have acquired 207 methyltransferase domains, likely contributing to the hypermethylated nuclear genomes of these 208 dinoflagellates 41 . The link between the extent of methylation in symbiodiniacean genomes and its 209 representation among predicted genes can be further assessed using methylation sequencing. 210
Although some corals can synthesise histidine de novo, metazoans generally lack this capacity 42 . 211
The enrichment of histidine biosynthesis in S. tridacnidorum may be a result of host-symbiont 212 coevolution or, alternatively, may explain why this species is a preferred symbiont over others (e.g. 213 S. natans). Biosynthesis of peptidoglycans is also important for symbiosis, because these molecules, 214 on the cell surface of Symbiodiniaceae, interact with host lectins as part of the symbiont recognition 215 process 30, 39 . 216
On the other hand, S. natans displays a wider range of enriched functions related to cellular 217 processes ( Supplementary Table 9 ), as expected for free-living Symbiodiniaceae 12 . One of the most 218 significantly overrepresented gene functions is the transmembrane transport of sodium. Whereas 219 this function is likely related to pH (osmotic) homeostasis with the extracellular environment, the 220 occurrence of a sodium:phosphate symporter (PF02690) in tandem, exclusive to S. natans, and the 221 abundance of a sodium:chloride symporter (PF00209) among the RT-genes (Supplementary Table  222 5) suggest that S. natans makes use of the Na + differential gradient (caused by the higher Na + 223 concentration in seawater) for nutrient uptake in a similar fashion to the assimilation of inorganic 224 phosphate by the malaria parasite (Plasmodium falciparum) in the Na + -rich cytosol of the host's 225 erythrocytes 43 . 226
Are features underpinning genome divergence in Symbiodiniaceae ancestral or derived? 227
To assess whether the genome features found in S. tridacnidorum were ancestral or derived relative 228 to S. natans, we compared the genome sequences from both species with those from the outgroup 229
Polarella glacialis CCMP1383 22 , a psychrophilic free-living species closely related to 230 Symbiodiniaceae (also in Order Suessiales). 231 A greater genome sequence proportion of S. natans (3.38%) than that of S. tridacnidorum (0.85%) 232 aligned to the P. glacialis genome assembly. Interestingly, the aligned regions in both cases 233 implicate only ~5 Mbp (~0.18%) of the P. glacialis genome sequence. This observation is likely 234 due to duplicated genome regions of S. natans that have remained highly conserved. Similarly, the 235 average percent identity of the best-matching sequences between any of the two Symbiodinium 236 genomes against P. glacialis is very similar (i.e. 92.13% and 92.56% for S. tridacnidorum and S. 237 natans, respectively). Nonetheless, regions occupied by duplicated genes are recovered in larger 238 proportions in Symbiodinium than in P. glacialis (Fig. 6 ). On the other hand, LTR retrotransposons 239 are evidently more prominent in P. glacialis. However, these LTRs are more diverged (Kimura 240 distances 3-8) 22 than those in the two Symbiodinium (Kimura distances < 5; Fig. 4 ), indicating an 241 independent, more-ancient burst of these elements in P. glacialis. 242
Discussion

243
We report for the first time, based on whole-genome sequence data, evidence of structural 244 rearrangements and TEs contributing to the extensive genomic divergence between the symbiotic S. 245 tridacnidorum and the free-living S. natans, including the discrepancy in genome sizes. In 246 comparison, structural rearrangements and TE activity are less prominent in the genomes of S. 247 natans and the outgroup species P. glacialis. 248
Structural rearrangements, abundance of pseudogenes, and enhanced activity of TEs are common in 249 facultative and recent intracellular symbionts and parasites 19, 20 , and are expected in symbiotic 250 Symbiodiniaceae 12 . Our results support this hypothesis. In this regard, our results agree with the 251 notion that the symbiotic lifestyle is a derived trait in Symbiodinium, and that the free-living 252 lifestyle is likely ancestral. Under this assumption, the genome proportion spanned by TEs and 253 duplicated genes in S. natans is expected to be similar (if not smaller) than that in the outgroup P. 254 glacialis. However, we found the proportion of duplicated genes to be larger in S. natans ( 
Nucleic acid extraction 276
Genomic DNA was extracted following the 2×CTAB protocol with modifications. Symbiodinium 277 cells were first harvested during exponential growth phase (before reaching 10 6 cells/mL) by 278 centrifugation (3000 g, 15 min, room temperature (RT)). Upon removal of residual medium, the 279 cells were snap-frozen in liquid nitrogen prior to DNA extraction, or stored at -80 °C. For DNA 280 extraction, the cells were suspended in a lysis extraction buffer (400 µL; 100 mM Tris-Cl pH 8, 20 281 mM EDTA pH 8, 1.4 M NaCl), before silica beads were added. In a freeze-thaw cycle, the mixture 282 was vortexed at high speed (2 min), and immediately snap-frozen in liquid nitrogen; the cycle was 283 repeated 5 times. The final volume of the mixture was made up to 2% w/v CTAB (from 10% w/v 284 CTAB stock; kept at 37 °C). The mixture was treated with RNAse A (Invitrogen; final 285 concentration 20 µg/mL) at 37 °C (30 min), and Proteinase K (final concentration 120 µg/mL) at 65 286 °C (2 h). The lysate was then subjected to standard extractions using equal volumes of 287 phenol:chloroform:isoamyl alcohol (25:24:1 v/v; centrifugation at 14,000 g, 5 min, RT), and 288 chloroform:isoamyl alcohol (24:1 v/w; centrifugation at 14,000 g, 5 min, RT). DNA was 289 precipitated using pre-chilled isopropanol (gentle inversions of the tube, centrifugation at 18,000 g, 290 15 min, 4 °C). The resulting pellet was washed with pre-chilled ethanol (70% v/v), before stored in 291
Tris-HCl (100 mM, pH 8) buffer. DNA concentration was determined with NanoDrop (Thermo 292 Scientific), and DNA with A230:260:280 ≈ 1.0:2.0:1.0 was considered appropriate for sequencing. 293
Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen) following directions of the 294 manufacturer. RNA quality and concentration were determined with am Agilent 2100 BioAnalyzer. 295
Genome sequence data generation and de novo assembly 296
In total, we generated 1021.63 Gbp (6.77 billion reads) of genome sequence data for S. natans and 297 259.57 Gbp (1.48 billion reads) for S. tridacnidorum ( Supplementary Table 1 ). Short-read sequence 298 data (2 × 150 bp reads) were generated using multiple paired-end (for both species) and mate-pair 299 Additionally, long-read sequence data were generated on a PacBio Sequel system at the Ramaciotti 319
Centre for Genomics (Sydney). These data and the paired-end libraries (adding up to a coverage of 320 152-fold for S. natans and 200-fold for S. tridacnidorum) were used for hybrid de novo genome 321 assembly ( Supplementary Table 1 ) with MaSuRCA 3.3.0 48 , following the procedure described in 322 the manual. Except for the PacBio sub-reads, filtered to a minimum length of 5 kbp, all sequence 323 data were input without being pre-processed, as recommended by the developer. The genome 324 assemblies were further scaffolded with transcriptome data generated in this study (see below) 325 using L_RNA_scaffolder 49 . 326
Removal of putative microbial contaminants 327
To identify putative sequences from bacteria, archaea and viruses in the genome scaffolds we 328 followed the approach of Liu et al. 3 . In brief, we first searched the scaffolds (BLASTn) against a 329 database of bacterial, archaeal and viral genomes from RefSeq (release 88); hits with E ≤ 10 −20 and 330 alignment bit score ≥1000 were considered as significant. We then calculated the proportion of 331 bases in each scaffold covered by significant hits. Next, we assessed the added length of implicated 332 genome scaffolds across different thresholds of these proportions, and the corresponding gene 333 models in these scaffolds as predicted from available transcripts using PASA v2.3.3 50 (see below), 334 with a modified script available at github.com/chancx/dinoflag-alt-splice) that recognises an 335 additional donor splice site (GA), and TransDecoder v5.2.0 50 . This preliminary gene prediction was 336 done on the repeat-masked genome using clean transcripts, as described below. The most-stringent 337 sequence coverage (≥5%) was selected as the threshold for all samples, i.e. any scaffold with 338 significant bacterial, archaeal or viral hits covering ≥5% of its length was considered as 339 contaminant and removed from the assembly (Supplementary Figure 5) . 340
RNA sequence data generation and transcriptome assembly 341
We generated transcriptome sequence data for both S. tridacnidorum and S. natans (Supplementary 342 Table 10 ). Short-read sequence data (2 × 150 bp reads) were generated using paired-end libraries on 343 the Illumina NovaSeq 6000 platform at the Australian Genome Research Facility (Melbourne). De novo transcriptome assembly was done using default parameters and the trimmed read pairs. For 353 genome-guided assembly, high-quality read pairs were aligned to the preliminary de novo genome 354 assembly using Bowtie v2.2.7 52 . Transcriptomes were then assembled with Trinity in the genome-355 guided mode using the alignment information, and setting the maximum intron size to 100,000 bp. 356
Both de novo and genome-guided transcriptome assemblies from each sample were used for 357 scaffolding (see above) and gene prediction (see below). 358
Full-length transcript evidence for gene prediction 359
Full-length transcripts for S. tridacnidorum and S. natans were generated using the PacBio IsoSeq 360 technology. All sequencing was conducted using the PacBio Sequel platform at the Institute for 361 Molecular Bioscience (IMB) Sequencing Facility, The University of Queensland (Brisbane, 362 Australia; Supplementary Table 10 ). Full-length cDNA was first synthesised and amplified using 363 the TeloPrime Full-Length cDNA Amplification Kit (Lexogen) and TeloPrime PCR Add-on Kit 364 (Lexogen) following the protocols provided in the product manuals. One synthesis reaction was 365 performed for each sample using 821 ng from S. tridacnidorum and 1.09 µg from S. natans of total 366 RNA as starting material. Next, 25 (S. tridacnidorum) and 23 (S. natans) PCR cycles were carried 367 out for cDNA amplification. PCR products were divided into two fractions, which were purified 368 Due to the abundance of undesired 5¢-5¢ and 3¢-3¢ pairs, and to recover as much transcript evidence 380 as possible for gene prediction, we followed two approaches (Supplementary Figure 6) . First, the 381 IsoSeq 3.1 workflow (github.com/PacificBiosciences/IsoSeq3/blob/master/README_v3.1.md) 382 was followed. Briefly, circular consensus sequences (CCS) were generated from the subreads of 383 each SMRT cell with ccs v3.1.0 without polishing, and setting the minimum number of subreads to 384 generate CCS (--minPasses) to 1. Removal of primers was done with lima v1.8.0 in the IsoSeq 385 mode, with a subsequent refinement step using isoseq v3.1.0. At this stage, the refined full-length 386 transcripts of all SMRT cells (excluding those from the DinoSL library) were combined to be then 387 clustered by similarity and polished with isoseq v3.1.0. High-and low-quality transcripts resulting 388 from this approach were further used for gene prediction (see below). 389
For the second approach, we repeated the IsoSeq workflow with some modifications. We polished 390 the subreads with the Arrow algorithm and used at least three subreads per CCS with ccs v3.1.0 to 391 generate high-accuracy CCS. Primer removal and refinement were done as explained above. The 392 subsequent clustering and polishing steps were skipped. The resulting polished CCS and full-length 393 transcripts were also used for gene prediction. IsoSeq data from the DinoSL library were processed 394 separately following the same two approaches. 395
Genome annotation and gene prediction 396
We adopted the same comprehensive ab initio gene prediction approach reported in Chen et al. 53 , 397 using available genes and transcriptomes of Symbiodiniaceae as guiding evidence. A de novo repeat 398 library was first derived for the genome assembly using RepeatModeler v1.0.11 399 (repeatmasker.org/RepeatModeler). All repeats (including known repeats in RepeatMasker database 400 release 20180625) were masked using RepeatMasker v4.0.7 (repeatmasker.org). 401
As direct transcript evidence, we used the de novo and genome-guided transcriptome assemblies 402 from Illumina short-read sequence data, as well as the PacBio IsoSeq full-length transcript data (see 403 above). We concatenated all the transcript datasets per sample and "cleaned" them with SeqClean 404 (sourceforge.net/projects/seqclean) and the UniVec database build 10.0. We used PASA v2.3.3 50 , 405 customised to recognise dinoflagellate alternative splice donor sites (see above), and TransDecoder 406 v5.2.0 50 to predict coding sequences (CDS). These CDS were searched (BLASTp, E ≤ 10 −20 ) 407 against a protein database that consists of RefSeq proteins (release 88) and a collection of available 408 and predicted (with TransDecoder v5.2.0 50 ) proteins of Symbiodiniaceae (total of 111,591,828 409 sequences; Supplementary Table 11 ). We used the analyze_blastPlus_topHit_coverage.pl script 410 from Trinity v2.6.6 51 to retrieve only those CDS having a hit with >70% coverage of the database 411 protein sequence (i.e. nearly full-length) in the database for subsequent analyses. 412
The near full-length gene models were checked for TEs using HHblits v2.0.16 (probability = 80% 413 and E-value = 10 −5 ), searching against the JAMg transposon database 414 (sourceforge.net/projects/jamg/files/databases), and TransposonPSI (transposonpsi.sourceforge.net). 415
Gene models containing TEs were removed from the gene set, and redundancy reduction was 416 conducted using cd-hit v4.6 54,55 (ID = 75%). The remaining gene models were processed using the 417 prepare_golden_genes_for_predictors.pl script from the JAMg pipeline (altered to recognise GA 418 donor splice sites; jamg.sourceforge.net). This script produces a set of "golden genes" that was used 419 as training set for the ab initio gene-prediction tools AUGUSTUS v3.3.1 56 (customised to recognise 420 the non-canonical splice sites of dinoflagellates, following the changes made to that available at 421 smic.reefgenomics.org/download) and SNAP v2006-07-28 57 . Independently, the soft-masked 422 genome sequences were passed to GeneMark-ES v4.32 58 for unsupervised training and gene 423 prediction. UniProt-SwissProt proteins (downloaded on 27 June 2018) and the predicted proteins of 424 Symbiodiniaceae ( Supplementary Table 11 ) were used to produce a set of gene predictions using 425 MAKER v2.31.10 59 protein2genome; the custom repeat library was used by RepeatMasker as part 426 of MAKER prediction. A primary set of predicted genes was produced using EvidenceModeler 427 v1.1.1 60 , modified to recognise GA donor splice sites. This package combined the gene predictions 428 from PASA, SNAP, AUGUSTUS, GeneMark-ES and MAKER protein2genome into a single set of 429 evidence-based predictions. The weightings used for the package were: PASA 10, Maker protein 8, 430 AUGUSTUS 6, SNAP 2 and GeneMark-ES 2. Only gene models with transcript evidence (i.e. 431 predicted by PASA) or supported by at least two ab initio prediction programs were kept. We 432 assessed completeness by querying the predicted protein sequences in a BLASTp similarity search 433 (E ≤ 10 −5 , ≥50% query/target sequence cover) against the 458 core eukaryotic genes from 434 CEGMA 21 . Transcript data support for the predicted genes was determined by BLASTn (E ≤ 10 -5 ) 435 similarity search, querying the transcript sequences against the predicted CDS from each genome. 436
Genes for which the transcripts aligned to their CDS with at least 50% of sequence cover and 90% 437 identity were considered as supported by transcript data. 438
Gene-function annotation and enrichment analyses 439
Annotation of the predicted genes was done based on sequence similarity searches against know 440 proteins following the same approach as Liu et al. 3 Bioconductor package 64 implemented in R v3.5.1, applying Fisher's Exact test with the 452 'elimination' method to correct for the dependence structure among GO terms. GO terms with a p ≤ 453 0.01 were considered significant. 454
Comparative genomic analyses 455
Whole-genome sequence alignment was carried out with nucmer v4.0.0 65 with the hybrid genome 456 assembly of S. natans as reference and that of S. tridacnidorum as query, and using anchor matches 457 that are unique in the sequences from both species (--mum). Sequences from both Symbiodinium 458 genomes were queried in the same way against the genome sequence of P. glacialis CCMP1383 22 . 459 Filtered read pairs (see above, Supplementary Table 1 ) from both species were aligned to their 460 corresponding and counterpart genome sequences using bwa v0.7.13 66 , and rates of mapping with 461 different quality scores were calculated with SAMStat v1.5.1 67 . 462
Groups of homologous sequences from the two Symbiodinium genomes were inferred with 463 Orthofinder v2.3.1 68 , and considered gene families. The significance of size differences of the gene 464 families shared by S. tridacnidorum and S. natans was assessed with a two-tailed Fisher's exact test 465 correcting p-values for multiple testing with the Benjamini-Hochberg method 63 ; difference in size 466 was considered significant for gene families with adjusted p ≤ 0.05. 467
We used the predicted genes and their associated genomic positions to identify potential segmental 468 genome duplications in both Symbiodinium species, as well as in P. glacialis. First, we used 469
BLASTp (E ≤ 10 −5 ) to search for similar proteins within each genome; the hit pairs were filtered to 470 include only those where the alignment covered at least half of either the query or the matched 471 protein sequence. Next, we ran MCScanX 69 in intra-specific mode (-b 1) to identify collinear 472 syntenic blocks of at least five genes and genes arranged in tandem within each genome separately. 473
Identification of genes with DinoSL and pseudogenes was done in a similar way to Song et al. 474 (2017) 27 . We queried the original DinoSL sequence (DCCGUAGCCAUUUUGGCUCAAG) 28 , 475 excluding the first ambiguous position, against the upstream regions (up to 500 bp) of all genes in a 476
BLASTn search, keeping the default values of all alignment parameters but with word size set to 9 477 (-word_size 9). Pseudogene detection was done with tBLASTn, with the predicted protein for each 478 genome as query against the genome sequence, with the regions covered by the predicted genes 479 masked, as target. Matched regions with ≥75% identity were considered part of pseudogenes and 480 surrounding matching fragments were considered as part of the same pseudogene as long as they 481 were at a maximum distance of 1 kbp from another pseudogene fragment and in the same 482 orientation. 483 
